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Abstract 
Total strain controlled tests have been performed on cylindrical specimens of austempered ductile cast iron (ADI) and ductile 
cast iron with the ferritic matrix, both alloyed with 2.75 % Ni, with the aim to compare cyclic plasticity and the fatigue life at 
temperatures 23 °C and – 45 °C. Microstructure and its features are documented using light microscope (image analysis) and 
neutron diffraction. In ADI the measurement of retained austenite by neutron diffraction before and after fatigue tests is used to 
discuss the cyclic stress-strain response. Cyclic hardening/softening curves, cyclic stress-strain curves and fatigue life curves
were obtained for both temperatures and materials. Cyclic stress-strain curve obtained at – 45°C is shifted to higher stress 
amplitudes relative to room temperature curve. The fatigue life curves at both temperatures can be well approximated by the 
Manson-Coffin and Basquin laws. The Manson-Coffin curves are identical for both materials and temperatures while the Basquin 
curve is shifted to longer fatigue life for ADI. The surface relief developed during fatigue was studied using SEM. Fatigue cracks 
initiated preferably from persistent slip markings at the interface of graphite nodule. 
Keywords: Low cycle fatigue; ferritic ductile cast iron; ADI; nickel alloying; neutron diffraction; fatigue crack initiation; depressed temperature. 
1. Introduction 
Ductile cast iron is a structural material in many industrial application and its resistance to fracture in static and 
cyclic loading is subject of numerous research activities. Its mechanical properties are comparable with those of cast 
steels. Therefore it is often used for the production of bulkily vehicle components. Vehicle components are often 
subjected to variable loading at depressed temperatures. It is of interest to chose the optimum structure and evaluate 
the its mechanical properties in conditions close to the service conditions.  
One way to improve the mechanical properties of cast iron represent the changes in chemical composition, e.g. 
by alloying with nickel. The addition of nickel nickel leads to the improvement of ductility at low temperatures [1]. 
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Recent studies on fatigue properties of austempered ductile cast iron (ADI) or ferritic ductile cast iron were focused 
to high cycle fatigue [2-4] and data on low cycle fatigue of this materials are scarce [5-9] especially no low 
temperature data are available. 
The aim of this paper is to study the low cycle fatigue properties of ductile cast iron with ferritic matrix and fine 
mixture of bainitic-ferritic needles and retained austenite alloyed with nickel and the role of retained austenite at two 
temperatures (23 °C and – 45 °C). The cyclic stress-strain response, the fatigue life curves and the fatigue crack 
initiation as influenced by the amount of retained austenite in ADI are reported. 
2. Experimental procedure 
2.1. Material and heat treatments 
Cylindrical specimens were machined from the cast 1 kg Y blocks of ductile cast iron. Chemical composition is 
shown in Table 1. Polished sections were used for the analysis of size, the morphology and fraction of graphitic 
nodules using image analysis. Results are presented in Table 1. Two heat treatments were performed on the 
specimens who were machined from the same ductile cast iron. The first heat treatment comprised from normalizing 
annealing at 840 °C / 1 hour and isothermal ferritic annealing at 700 °C / 5 hour followed by air cooling. The ferritic 
matrix was obtained (see Fig. 1). The second heat treatment was selected for optimum mechanical properties: 
austenitization annealing at 840 °C / 1 hour and isothermal transformation (austempering temperature) at 
375 °C / 45 minutes followed by air cooling. This type of ductile cast iron was named as austempered ductile cast 
iron (ADI). Microstructure of the ADI matrix is shown in Fig. 2. It consists of fine bainitic-ferritic needles (it is 
mixture of tumbledown ferritic needles and carbides) and the retained austenite Ar. Volume fraction of retained 
austenite was determined using X-ray analysis and neutron diffraction. The tensile properties (yield strength, 
ultimate tensile strength and elongation) as well as the values of impact energy are shown in Table 2.  
(a) (b) 
Fig. 1. Optical micrograph of structure of the ductile cast iron with the ferritic matrix: (a) overview picture; (b) detail of graphite and ferritic 
eutectic cells. 
Table 1. Chemical composition (in wt. %) and nodule characteristics of ductile cast iron. 
C Mn Si P S Cu Cr Ni Mg
Nodule
count (mm-2)
Nodule
Area
fraction (%)
Nodule
diameter 
(μm)
Nodularity
 (%)
3.41 0.18 2.35 0.02 0.015 0.02 0.01 2.75 0.053 566 9.53 20.58 92.5 
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Fig. 2. TEM micrograph (two-step replica film with shadow-casting) of microstructures of the ADI: (a) overview picture; (b) detail of matrix 
from selected red-rectangle; (c) detail of yellow-rectangle. 
Graphite
Detail
Detail
Retained austenite 
Fine carbides in ferritic needles 
(a) (b)
(c)
Matrix
Table 2. Tensile properties and impact energy of ductile cast iron with different matrices at two temperatures. 
Ductile cast 
iron 
Upper Yield 
strength (MPa)
23 °C – 45 °C
Lower Yield 
strength (MPa) 
   23 °C       – 45 °C
0.2 % Yield 
strength (MPa) 
   23 °C    – 45 °C
Ultimate tensile 
strength (MPa) 
   23 °C    – 45 °C
Elongation 
 (%) 
  23 °C    – 45 °C
Impact energy
 (J) 
23 °C – 40 °C
ferritic matrix 435         495 421        477 –          –      504            563 23.9           24.9 17.3       8.3 
ADI –          – –          – 728          656 1 016         1 177 15.6           11.4 14.7     10.1 
2.2. Low cycle fatigue tests 
Low cycle fatigue tests were conducted on electrohydraulic test system MTS 810 controlled by software TestStar 
IIc in strain control regime at temperatures 23 °C and – 45°C. Strain rate was constant (0.0025 s-1) and cycling was 
in symmetric tension-compression cycle (Rİ = -1). Specimens were cycled with constant total strain amplitudes (εa)
in nitrogen vapour. Strain was measured by sensitive axial extensometer with gauge length 12 mm. The shape and 
the dimensions of cylindrical specimens are shown in Fig. 3a. 
Low temperature was produced in a cryostat mounted in the testing machine. The specimen and the grips were 
cooled by the controlled flow of nitrogen vapour (see Fig. 3b). Temperature variations during constant temperature 
test were within ±0.5 °C. During cyclic loading, hysteresis loops were recorded for further analysis. The stress 
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amplitude, mean stress, total strain amplitude, Young's modulus of both hysteresis half-loops, maximum and 
minimum stress and strain in each cycle were recorded, too. After the test termination, a special program was used 
to evaluate the plastic strain amplitude from the half width of the hysteresis loop. 
(b) (a) 
Fig. 3. Details about experimental low-cycle fatigue tests: (a) shape and dimensions of specimen in mm; (b) alignment of cryostat on testing 
machine together with cooled grips and extensometer attached to the specimen. 
2.3. Surface relief observations 
Surface relief investigations were conducted using scanning electron microscope JEOL JSM 6460 working with 
accelerating voltage 20 kV in both detectors i.e. in detector of secondary electrons (SE) and backscattered electrons 
(BSE). The surface of specimens in the area of gauge length was grinded by abrasive papers with descending 
roughness and subsequently polished by diamond paste before cycling. 
2.4. Neutron diffraction measurement 
For the determination of the volume fraction of retained austenite in ADI before and after fatigue tests the 
standard neutron powder diffraction instrument MEREDIT (Medium Resolution Neutron Powder Diffractometer) 
was used. The data were collected from the head of the specimens (non-deformed part) and from the gauge section - 
the middle part of specimens (strained part). Data were collected in two separated scans by 4° 2 θ with step 0.1° and 
time per step of 30 and/or 600 sec. The final patterns were calculated as the average of these two scans to improve 
the statistic. Program FullProf was used for the refinement of the diffraction patterns. 
3. Results
3.1. Cyclic stress-strain response 
In Fig. 4 cyclic hardening/softening curves for both temperatures and materials are shown. Fig. 4a and Fig. 4c 
show stress amplitude vs. number of cycles N in cycling with constant total strain amplitudes. The dependence of 
plastic strain amplitude on the number of cycles N show Figs 4b and 4d. The character of these curves varies with 
strain amplitude and temperatures for both matrices. Generally, the curves from cyclic loading at – 45 °C are shifted 
to higher stress amplitudes or to lower plastic strain amplitudes respectively.  
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The ductile cast iron with ferritic matrix in the domain of high and middle strain amplitudes (see Fig. 4a,b) 
exhibits initial cyclic hardening followed by the stabilized stress response up to failure. In the end of fatigue life the 
decrease or sudden increase of stress amplitude is apparent. This is connected with the growth of a macroscopic 
fatigue crack. The initial cyclic hardening becomes more pronounced with increasing strain amplitude. In the low 
amplitude straining, the initial mild cyclic hardening is followed by a domain of long weak hardening. 
In the ADI, during cyclic loading at low total strain amplitudes, saturated response with mild cyclic hardening at 
beginning was indicated (see Fig. 4c,d). Considerable initial cyclic hardening was obtained during tests at medium 
and high total strain amplitudes. Majority of the fatigue life is characterized by slight cyclic softening. 
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Fig. 4. The cyclic hardening/softening curves of both matrixes and for two temperatures (a) and (c) in stress amplitude representation σa and (b) 
and (d) in plastic strain amplitude εap vs. number of cycles N.
Cyclic stress-strain curves (CSSCs) of the materials for both temperatures and matrices are shown in Fig. 5. The 
stress amplitude is plotted vs. the plastic strain amplitude at half-life. Each experimental point represents one 
specimen and  the values were obtained from cyclic hardening/softening curves (Fig. 4) at half-life. Experimental 
data were approximated by the power law 
´´ napa K εσ = (1) 
where K´ is fatigue hardening coefficient and n´ is fatigue hardening exponent. Both material parameters were 
evaluated by linear regression analysis and are shown in Table 3. The position of CSSCs is in agreement with cyclic 
hardening/softening curves. The curves representing cyclic test at – 45 °C are shifted to higher stress amplitude. 
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Fig. 5. The cyclic stress-strain curves both ductile cast iron matrixes and for two temperatures. 
3.2. Fatigue life curves 
In Fig. 6 the fatigue life curves are plotted. Fig. 6a shows the plastic strain amplitude εap at half life vs. the 
number of cycles to fracture Nf in bilogarithmic representation. Experimental data were fitted by the Manson-Coffin 
law
( cffap N2,εε = )
)
, (2) 
where İf´ is fatigue ductility coefficient and c is fatigue ductility exponent. They were obtained using linear 
regression analysis and are presented in Table 3. For both temperatures, the Manson-Coffin curves didn’t differ 
appreciably. Only the position of the curve for ferritic matrix is shifted to higher fatigue life. More significant 
difference can be seen in representation stress amplitude ıa vs. number of cycles to fracture Nf (Fig. 6b). 
Experimental data are fitted by the Basquin law 
( bffa N2,σσ = , (3) 
where ıf´ is fatigue strength coefficient and b is fatigue strength exponent. It is obvious from this plot and also 
from values of parameters in Table 3, that depressed temperature has an influence on the position of the Basquin 
curves. In decreasing the temperature they are shifted to high stress amplitudes (or to longer fatigue lives). The 
matrix of ductile cast iron has a big effect on the position of Basquin curve. The Basquin curve of ADI is much 
higher than that of cast iron with ferritc matrix. 
Fig. 6. Fatigue life curves both ductile cast iron matrixes and for two temperatures: (a) experimental points were fitted the Manson-Coffin law; 
(b) experimental points were fitted the Basquin law. 
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3.3.  Surface relief observations 
The surface of the gauge length of some specimens subjected to low cycle fatigue test was observed using SEM. 
Specimens with two matrixes cycled at two temperatures were studied. In all cases the surface relief was formed by 
the slip traces having the character of persistent slip traces and short cracks located preferentially close to the 
graphite nodule (Figs 7, 8 and 9).Provided a crack appeared in the area void of nodule the graphite noduli could be 
discovered just under the surface [10]. Slip markings in the area of retained austenite (see detail on Fig. 8b) differed 
substantially from those in areas of ferritic matrix (see detail on Fig. 7) that suggests the appearance of local phase 
transformation. With increasing stress amplitude the density of surface cracks increases. The cracks are 
perpendicular to the loading axis or inclined at an angle of 45 degrees. Also long cracks running through several 
graphite nodules (see Fig. 8c) were observed. Principal crack formed by linking several short and long cracks.  
Detail
Fig. 7. SEM-SE image of the no etching surface relief of ductile cast iron with ferritic matrix cycled (εa = 0.3 %, Nf = 5 168) at – 45 °C. 
(b(a
(c)
Fig. 8. SEM-SE image of the etched surface relief of ADI cycled (εa = 0.9 %, Nf = 310) at 23 °C: (a) locations of fatigue crack initiation sites are 
marked by arrows; (b) detail from the central area around graphite (close to the arrow); (c) long surface crack going to around or thorough the 
graphite nodules. Yellow arrows show the secondary fatigued cracks starting from the graphite nodule. 
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Fig. 9. SEM-BSE image of the etched surface of ADI cycled (εa = 0.34 %, Nf = 26 020) at – 45 °C. Arrows show fatigue crack initiation sites. 
Table 3. Parameters of cyclic plasticity and low cycle fatigue life of ductile cast irons at two temperatures.  
Ductile cast iron Temperature 
(°C ) 
K´
(MPa) 
n´
(-)
ε´f
(-)
c
(-)
σ´f
(MPa) 
b
(-)
23    640 0.050 0.553 -0.841    620 - 0.042 
with ferritic matrix 
– 45    950 0.098   3.124   -1.104  1 037 - 0.105  
23 1 628 0.120 1.739 -1.043 1 735 - 0.124 
ADI
– 45 2 033 0.134 0.546 -0.899 1 874 - 0.121 
3.4. Neutron diffraction on ADIs 
After low cycle fatigue tests of ADI, two specimens were used for the measurement of volume fractions of 
individual phases by neutron diffraction. The specimens cycled with the highest strain amplitudes were selected (for 
temperature 23°C İa= 0.9 % and saturated plastic strain amplitude İap= 0.338 %, Nf = 310; for temperature – 45 °C 
İa= 0.91 %, saturated plastic strain amplitude İap= 0.286 %, Nf = 288). From neutron diffraction patterns volume 
fraction of ferrite, volume fraction of retained austenite and a volume fraction of graphite were determined. The 
results are summarized in Table 4. As a result of cycling loading at 23 °C the volume fraction of retained austenite 
decreases from 29.6 % to 26.2 % i.e decrease of 3.5 %. At temperature – 45 °C the relative decrease is higher, 
6.2 %. The volume fraction of ferritic phase increases since the volume fraction of graphite does not change. 
Table 4. Volume fractions of individual phases in two specimens of ADI cycled with the highest strain amplitudes at 23°c and -45°C obtained by 
neutron diffraction from the gauge length of specimen and from the threaded head of specimens. 
Temperature (°C) Places Ferrite   (%) Austenite    (%) Graphite    (%) 
Threaded head 68.07 29.62 2.31 
23
Gauge length 71.53 26.16 2.27 
Threaded head 68.07 29.68 2.26 
– 45 
Gauge length 73.75 23.47 2.78 
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4. Discussion
The ductile cast irons are natural composite which consists from graphite nodules and the matrix. The graphite 
nodules have the same approximately spherical shape. The small diameter is due to nickel alloying. Different 
thermal treatment produced two matrices, the ferritic and fine mixture of bainitic-ferritic needles and the retained 
austenite.
The cyclic stress and strain response of ductile cast iron with ferritic matrix was characterized by long cyclic 
hardening followed by saturation until failure (see Fig. 4a,b). The cyclic hardening becomes more pronounced with 
increasing strain amplitude. This behaviour is agreement with the results of Guillemer-Neel et al. [8] who explained 
the observed cyclic hardening by building dislocations structures in the matrix at interfaces with the graphite 
nodules. The saturation stage can be connected with the formation of PSBs and PSMs (see Fig. 7) in the 
neighborhood of graphite nodules. Subsequently fatigue cracks initiate in these locations. This idea was supported 
by observations [9] at cycling plastics strained were very early fatigue crakes initiations was observed. The effect of 
low temperatures on the cyclic stress-strain response is the shift of the CSSC to higher stress amplitudes and to 
lower plastic strain amplitudes. This is due to the increase of the effective stress in the ferritic matrix. As a result 
lower yield stress (see Table 2) and fatigue hardening coefficient K´ (see Table 3) increased by 56 MPa. Therefore 
the cyclic stress-strain curve (see Fig. 5) at – 45 °C is shifted to higher stress in comparison with that at 23 °C. The 
fatigue hardening exponent is not affected.  
Until now, no explanation of the cyclic plastic response of austempered ductile iron was presented. The effect of 
martensitic transformation of retained austenite and generally the effect of depressed temperatures on the cyclic 
plasticity has not been studied, too. Hübner et al. [7] in their low cycle fatigue study of ADI at room temperature, 
mentioned transmission electron microscopy observations showing the presence of the induced martensite after 
cyclic loading. Other authors [6] pointed out that the decrease of the retained austenite volume fraction due to low 
cycle fatigue loading was proportional to the volume fraction of this phase before cyclic loading. Therefore, it can 
be suggested, that the observed cyclic hardening is related to the martensitic transformation induced by cyclic 
straining. The presence of martensitic plates represents obstacles for mobile dislocations. The retained austenite in 
ADI is becoming less stable with the decrease of testing temperature and for that reason its volume fraction 
decreases in cyclic straining with high amplitudes (see Table 4.) and it results in cyclic hardening (see Fig. 4c,d). 
Subsequent cyclic softening observed at both temperatures is caused by the cyclic plastic strain localization into 
persistent slip bands/markings and the fatigue crack initiation in the vicinity of graphite nodules (see Fig. 8. and Fig. 
9.). These nodules are the main sources of the plastic strain concentration in adjacent matrix. Cyclic stress-strain 
curves (Fig. 5.) reflect cyclic strain response (Fig. 4.), therefore fatigue hardening coefficient K´ is higher for –
 45 °C than for 23 °C by 405 MPa. This could be also the result of higher effective stress in bainitic needles apart of 
already mentioned volume fraction decrement of the retained austenite.  
Higher cyclic stress response of both matrices at – 45 °C results also in the higher position of the Basquin curve 
(Fig. 6b.). The fatigue life according to the Manson-Coffin law (Fig. 6a.) is almost the same at both temperatures 
and matrices (see Table 3). Only small shift to the higher fatigue life for ferritic matrix can be seen in Fig. 6a. All 
these results are in agreement with the results of Nishimura et al. [9] who measured Manson-Coffin curve at room 
temperature for different matrices. The small shift of these curves can be explained by different growth rate of short 
cracks in ductile cast iron with ferritic matrix and in ADI. The rate is four times higher in ADI then in ductile cast 
iron with ferritic matrix.  
5. Conclusions 
The study of the cyclic stress-strain response, the evaluation of fatigue life, the surface relief investigations 
and neutron diffraction measurement of two ductile cast irons with different matrix cycled at two temperatures (23 
°C and – 45 °C) lead to the following conclusions: 
1. Significant cyclic hardening with subsequent long-term softening during cycling with high total strain 
amplitudes was observed in ADI. The same initial cyclic hardening was observed in ferritic matrix but its 
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followed by saturation. At low total strain amplitudes, saturated stress-strain response was found. At low 
temperature these features were more noticeable on the curves. 
2. Cyclic stress-strain curve of ADI in comparison with that of ductile cast iron with ferritic matrix is shifted to 
higher stress amplitudes (stress amplitude is tripled). Cycling at – 45 °C shifts the cyclic stress-strain curve to 
higher stress amplitudes by 60 MPa. 
3. Fatigue life can be characterised by the Manson-Coffin law where almost the same position of both curves 
demonstrate the same damage fatigue mechanism. Fatigue life curve in stress amplitude vs. number of cycles 
can be represented by the Basquin law. At temperature – 45°C due to the higher stress response the Basquin 
curve is also shifted to higher stress amplitudes. 
4. The main fatigue degradation mechanism in both matrixes at both temperatures is the fatigue crack initiation in 
areas of localised plastic deformation adjacent to graphite nodules and subsequently coalescence of these short 
fatigue cracks and formation of long fatigue cracks. 
5. In ADI the decrease in volume fraction of retained austenite after cyclic loading was documented at both 
temperatures by neutron diffraction. It was more significant at depressed temperature. 
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